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SUMMARY

Turbulent-heat-transfer measurements were obtalned through the use
of an exially symmetric annular nozzle which consists of an inner shaped
center body and an outer cylindrical gleeve. Measurements taken along
the outer sleeve gave essentially flat-plate results that are free from
wall interference and corner effects for a Mach number of 2.06 and for a

Reynolds mumber range of 1.7 x 100 to 8.8 x 107. The heat-transfer
coefficlents are in good agreement with available date from V-2 rockets
end also check the Rubesin theory and the Van Driest theory for a Mach
number of 2.0 and for a ratlo of inner-surface to free-stream temperature
of 1.8. The temperature-recovery factors are approximestely 0.5 percent
lower then the factors given in NACA TN 2077 for a Mach number of 2.4,

TNTRODUCTION

The design of supersonic alrcraft and missiles requires engineering
Information about hest-transfer coefflcients and temperature-recovery
factors for supersonic speeds that extend over a wide range of Reynolds
number. In reference 1, local-heat-transfer-coefficlent measurements were
presented for a Mach number of 3.03. Good sgreement of these results with
theoretical and experimental work was obtained. This method of testing
and reduction of data is readlly adaptable to obtaining accurate measure-
ments over an extended range of both Mach and Reynolds numbers.

The purpose of this investigation 1s to extend the work initisted in
reference 1 to a Mach number of 2.06. The same type of apparatus and
method of reducing the data were used In this investigation as were employed
in reference 1. The range of Reynolds number for which measurements were

obtained 1s from 1.7 X 106 to 8.8 x 107. The results cover a tempera-
ture difference of spproximately 20° at 40 seconds after starting to
approximstely 5° at 120 seconds after starting. The average value of the
ratio gf imner-gsurface temperature to free-stream temperature TW/Tco

was 1.0.
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SYMBOLS

specific heat of sleeve material, Btu/lb—oR

speciflc heat of alr at constent pressure, Btu/lb-OR

acceleration due to gravity, ft/se02
hest-transfer coefficient, Btu/ft2-sec-R
heat conductivity, Btu/ft—sec-oR

Mach number

Kusselt number, hx/k

Prandtl number, ucpg/k

Reynolds number, pVx/u

Nu  _ h
R Pr pVepe

Stanton number,

average wall temperature, °R

effective stream alr tempersture at wall, some tempera-
ture which gives a thermal potential which is independent
of heat-transfer coefficient h, OR

stagnation temperature, °R
inside-surface temperasture of nozzle sleeve, °R
free-gtream temperature, °R

time, sec
free-stream velocity, ft/sec
specific weight of sleeve material, 1b/sq ft

longitudinal distance along sleeve, Tt (unless indicated
otherwilse)

a
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1 recovery factor, Te = Tw
r
TJG -7
(s}
n dynamic viscosity coefficient, lb-sec/sq £t
P free-stream density of air, slugs/cu Tt

APPARATUS AND METHOD

The apparatus consisted of an axlally symmetric annular nozzle which
was dlrectly connected to the settling chamber of one of the cold-air
blowdown Jjets of the Langley gas dynamics laboratory. The nozzle had a
shaped wooden center body and two outer sleeves. The first sleeve was
constructed from 8-inch-diameter, extra heavy, seamless carbon-steel pipe
and the second was constructed from l/l6-inch stalnless steel which was
rolled into a cylinder and welded; both were surfaced-machined inside
and outside to a wall thickness of 0.3%88 inch and 0.060 inch, respectively.
A detalled drawing of the apparatus is shown in figure 1 which gives the
locgtion of the thermocouples and the stetlc-pressure orifices. Several
static-pressure orifices and thermocouples were located 90° apart around
the sleeve to calibrate the flow for axial symmetry. The coordinates of
the center body are given in table I. The center body was designed by
using three-dimensional characteristics. (See ref. 2.) Station locatiouns,
shown in figure 1, refer to the distance in inches from the nozzle mini-
mm station.

Detalls of the installation of the thermocouples and static-pressure
orifices are shown in figures 2 and 3. The thermocouples are located
0.060 inch from the inner surface of the sleeve. The wires are 30-gage
copper-constantan (0.010 inch in diameter); conduction along the wire
length is negligible. As indicated in figure 2, the thermocouples are
in intimate contact wilth the steel wall so that thermal resistance at
this Jjunction 1s negligible.

The Mach number distribution was measured both lengthwise and around
the sleeve. The orifices located around the sleeve were used to check the
alinement of the center body within the sleeve. The results are shown in
figure 4 and are accurate to T0.0L.

The temperabure-recording equipment consisted of three gsynchronized
high-speed self-balancing Brown ElectroniK strip chart recorders, having
8 total of 36 switches, two of which were connected to the settling-
chamber thermocouples and the others were connected to the sleeve
thermocouples.
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A typical test consisted of operating the nczzle at the desired
pressure. The stagnation temperature starts at essentially room tempers- .
ture and decreases as the piping 1s cooled, as illustrated in figure 5 ¢
where stagnation temperature is plotted against time for a settling-chamber
pressure of 106 1b/sq in. gage. The wall temperature also starts at essen-
tially room temperature and tends to approach the equilibrium temperature
which 1is approximately 25° F below stagnation temperature. This variatlon
is shown in figure 6 where wall temperature is plotted against time for
stations 12 and 18 for a settling-chamber pressure of 106 lb/sq in. gage.
Test runs were made for settling-chamber pressures of 1, 38, 106, and
185 1b/sq in. gage. The test at a pressure of 1 lb/sq in. gage was made
with a sleeve 0.060 inch thick, and the test setup was evacuated to an
absoclute pressure of 1.0 inch of mercury. IExcept for the first 20 seconds,
the pressures were mainteined constant for each test run. The recorders
were calibrated immediately before and after each run and were found to
be accurate to t1° F.

In figure 7 are plotted, for various times during the test run, the
values of wall temperature against longltudinal dlstance slong the cylinder.
These values were used to determine the rate of change of the longitudinal

2
o} .
conduction k & Tav along the cylinder. Test results were taken only for
ax®
L . .
the length of the cylinder for which k ——=X was zero.

REDUCTION OF DATA

Short test runs in which time historiles of the wall temperature are
obtained give the essential data from which heat-transfer coefficlents
and tempersture-recovery factors may be determined. The reduction of
these data requires a method in which the stagnatlon tempersture, and
accordingly the equlilibrium tempersture, may vary in an arblirary mammer.

The Stanton number is calculated from

St = —2 (1)
pve, g

and the hest-transfer coefficient is calculsated from

AT, /dt

Tw - Te

h = wc
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By definition, the recovery factor is

(3)

Tg - T
N, =
Ty - Ty

The method of reducing the data 1s simply to select a recovery factor
and then obtain Te from equation (3). Substitute this value of Te into

equation (2) and obtain values of h for different heat-flow rates. These
values of h are then substituted into equation (1). The true values of
Tes T, and St are obtaired when St 1s constant with time (for dif-

ferent heat-flow rates). Figure 8 shows the values used in evaluating the
Stanton number and recovery factor at station 12 for a settling-chamber
pressure of 106 1b/sq in. gage.

The values of specific heat and specific weight of the sleeve mate-
rial were teken from reference 3. The values of viscosity and Prandtl num-
ber (0.71) for air were also taken from reference 3 and were based upon
the inside-surface temperature of the sleeve. The value of T,y chosen

was at 80 seconds after starting. (This arbitrary choice of temperature
can be made since the viscosity coefficlent is practicelly a constant
factor of the heat-conduction coefficient.)

PRECISION OF EQUIPMENT

The basic data consist of time histories of temperature at each
thermocouple location. The recorders were calibrated immediately before
and after each run and were found to be sccurate to +1° F. The thermo-
couple wires are 30-gage (0.0lO-inch-diameter) copper-constantan and of
such small dismeter that conduction along thelr length can be neglected.
The wires are insulated except at the Junction where intimste contact
with the sleeve keeps any thermal resistance to a minimum.

The sleeve 1s enclosed in a vacuum Jjacket to avoid free convection
end, for the temperature range considered, radiastion effects range up to
2 percent. The product of the specific weight and the specific heat of
the sleeve material as used in equation (2) is accurate to 5 percent.

The value of used in equation (2) is that of the actual

dTav
dt

thermocouple reading, whereas it should be the value associated with the
.average temperature in the thickness of the gleeve at each polnt. During
the test runs the inner-surface temperatures are lower than the average
temperatures by approximately 1° to 1.5° at the beginning of the runs



6 , NACA TN 337k

EMO geconds after starting) and become the same at the end of the runs
150 seconds). This deviation causes the derivative of inner-surface
temperature with time to be less than the derivative of average tempera-
ture with time by approximately 1 percent.

The snalysis of reference U4 was used to determine the effect of the
sleeve diameter upon the flow characteristics. This effect was computed
to be less than one-hundredth of 1 percent.

RESULTS AND DISCUSSION

Figure 7 shows the variation of wall temperature with longitudinal
distance along the cylinder for a settling-chember pressure of
106 lb/sq in. gage. Over the test range, the wall temperatures are con-
stant slong x. In the relstion

we dT,, /dt

Tw - Te

h =

w and ¢ are constant and dTav/dt is constant because Tw is constant.

Therefore, if there 1s to be a variation of h with Reynolds number or
x, Tg must vary with x. The value of T, obtained for the test at a

settling-chamber pressure of 106 lb/sq in. gage, evaluated at 80 seconds
after starting, actually decreases approximstely 1.5°.

Figure 9 shows the variation of local Nusselt number with local
Reynolds number. The value of x wused in evalusting these numbers was
based upon san x +that was considered to be zero at the nozzle minimum
station. A single line faired through all the data polnts has & slope of
epproximately 0.8; but if lines are falred through the points for each
settling-chamber pressure, the slopes are slightly higher. It is reason-
able to assume, however, thet the higher stagnation pressures would pro-
duce earlier transition and the zero value of x would move upstream
with increasing stagnation pressure. Hence, 1f it is assumed that data
from each settling-chamber pressure should merge into a continuous line
(rather than s series of steps), x may be adjusted for zero x-locations
(the effective beginning of the turbulent boundary layer) which would
make gll the test runs colncident. This adjustment has been made in
figure 10 by using values of x equal to zero at 1.60 inches downstream
of the nozzle minimum statlon for a settling-chamber pressure of
1 lb/sq in. gage and 2.00, 4.40, and 6.00 inches upstream of ‘the minimum
for the chamber pressures of 38, 106, and 185 lb/sq in. gage, respectively.
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The Nusselt numbers were found to vary from 1,690 to 44,950 for the

Reynolds number range of 1.7 X 108 o 8.8 % 107 (based on adjusted

zero x-locatlions). For comparison, the curves based upon the analyses

of Van Driest (ref. 5) and Rubesin (ref. 6) are shown. In the Van Driest
analysis TW/TOo was considered to be 1.8 (the average value of the test

results). For comparison with these references, the data were computed

by using free-stream temperature to determine the density and the velocity.
The wall temperature was used to determine the viscosity and the Prandtl
number. The experimental values from the data of V-2 rockets (ref. 7)

are slso determined in this mapner., The Mach number range for the V-2 data
in figure 10 is from 1.95 to 2.07. The sgreement between the results of
this investigation and those of references 5, 6, and 7 1s good.

Figure 11 shows the variation of local temperature-recovery factor
with local Reynolds number. The variation is from 0.891 at R = 1.7 X 106

to 0.870 at R = 8.8 x 107, The results are compared with a curve which
represents the fairing of the data of reference 8. The data of reference 8
are for a Mach number of 2.4, The results obtained in this investigation
are approximately 0.5 percent lower. Also included for comparison are the

curves for recovery factor equal to Prl/5 and Prl/e. The wall tempera-
ture was used to determine the Prandtl number.

CONCLUDING REMARKS

Turbulent-heat-transfer messurements that gave essentially flat-plate
results were obtalned for & Mach number of 2.06 and for a Reynolds number

renge of 1.7 x 10® to 8.8 x 10!. The Nusselt numbers are in good
agreement with theoretical analyses and with experimental data obtained
with the V-2 rockets. The temperature-recovery factors are approximately
0.5 percent lower than other available data for a Mach number of 2.k.

Iangley Aeronautical Isboratory,
National Advisory Committee for Aeronautics,
Iangley Field, Va., December 3, 195h.
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TABLE I.- CENTER-BODY COORDINATES
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Radius, in.

X

.000

\Jl
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735
.970
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L4375
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L1280

JLo0k
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3522
.3336
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.2538
2341
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/——90° apart. One only at eoch

of the other stohions. Total

number of thermocouples, 36.

_ One sleeve 0.328 wall thickness

\\}/ : / / / " One sleeve 0.060 wall ihickness
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our pressure orifices at stolions
0, 4,11, 25, ond 3| spaced 90
aport. One only at each of the
other stations. Total number of
pressure  orifices, 35

Settling  chamber

47

¥igure l.- Test arrangement.

Dimensions are in inches.
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Each wire wrapped and covered.

/-Both wires form one lead from
| each thermocouple
M

m//—lnsuloﬂon {ceramic)
Steel sleeve (wall

an

LTlps of wires silver-
soldered together

0.060" Inner surface

Steel slaeve (3/32'

0.0 X l/64" wall
e

P T
TUCRKRD bb

Figure 2.- Thermocouple installatlon.
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Pressure

(0.040" 0.D. X
0.020" 1. D.,

sfainleas

O

No. 4/0 taper pin. Reamed through
for 0.040" 0. D. stainless - steel tubing

Steal sleeve (wall
thickness, 0.388")
| \\\

SN\

Inner surfoce—-/

Figure 5.- Pressure-orifice installation.
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Figure 4.- Mach mumber dletribution for settling-chamber pressure of
106 1b/eq in. gage.
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Flgure 5.- Variation of stagnation temperature with time
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Figure 'T - Variation of wall temperature with longitudinal distance for
a settling-chamber pressure of 106 lb/sq in. gage.
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Stanton

station 12 for a settling-chamber pressure of 106 1b/sg in. gage.
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Figure 8.- Stanton nunber es a functlon of time and recovery factor for
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Nusselt number, Nu
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Figure 9.- Varlation of local Musselt number with local Reynolds nunber
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Figure 10.- Vartation of local Nusselt number with local Reymold
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number for corrected locations of x = 0. Viscosity and Prandtl
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Flgure 1l.- Varietion of locel recovery factor with local Reynolds

mimber for corrected locetlons of x = 0. Viscosily determined
for wall temperatures.
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